Lissencephaly is a human developmental brain abnormality caused by LIS1 haploinsufficiency. This disorder is in large part attributed to altered mitosis and migration in the developing brain. LIS1 and an interacting protein, NDEL1, bind to cytoplasmic dynein, a microtubule motor protein. While the tripartite complex is clearly important for developmental events, we are intrigued by the fact that Lis1 and Ndel1 expression remain high in the adult mouse nervous system. Dynein plays a crucial role in retrograde axonal transport, a process that is used by mature neurons. Here, we monitored acidic organelles moving in axons of adult rat sensory neurons to determine whether Lis1 and Ndel1 contribute to axonal transport. Lis1 RNAi significantly reduced axon transport of these organelles. Ndel1 RNAi had little impact, but combined Lis1 and Ndel1 RNAi caused a more severe phenotype than Lis1 RNAi alone, essentially shutting down transport. Lis1 overexpression stimulated retrograde transport, while a Lis1 dynein-binding mutant severely disrupted transport. Overexpression of Ndel1 or a Lis1 Ndel1-binding mutant only mildly perturbed transport. However, expressing a mutant Ndel1 lacking key phosphorylation sites shut down transport completely, as did a dominant-negative Cdk5 construct. We propose that, in axons, unphosphorylated Ndel1 inhibits the capacity of dynein to transport acidic organelles. Phosphorylation of Ndel1 by Cdk5 not only reduces this inhibition but also allows Lis1 to further stimulate the cargo transport capacity of dynein. Our data raise the possibility that defects in a Lis1/Ndel1 regulatory switch could contribute to neurodegenerative diseases linked to axonal pathology in adults.
Introduction
The LIS1 protein is conserved through evolution but is best known for its role in brain development Wynshaw-Boris, 2007; Dobyns, 2010) . Mutations in LIS1 that reduce/increase protein levels cause defects in brain organization (Bi et al., 2009) . Lissencephaly, or "smooth brain," is characterized by pachygyria/agyria and fewer neurons. Patients experience neurological impairment and increasingly severe seizures, and often die due to seizure-induced aspiration. Treatment options are limited to anticonvulsants, which are often ineffective with troubling side effects.
Lis1 is well characterized at the structural and protein interaction levels. Lis1, like other members of the WD40-repeat family, forms a ␤-propeller protein interaction domain Tarricone et al., 2004) . Of particular interest is the association of Lis1 with a microtubule motor, cytoplasmic dynein 1 (Faulkner et al., 2000; Smith et al., 2000; Tarricone et al., 2004) . During brain development, Lis1 mutations affect mitosis and migration, processes requiring dynein activity Wynshaw-Boris, 2007; Dobyns, 2010) . Lis1 and dynein both interact with two related proteins, Ndel1 and NudE (Feng et al., 2000; Niethammer et al., 2000; Sasaki et al., 2000; Shu et al., 2004) . In brain development, these proteins may function at different times in mitosis and migration (Feng et al., 2000; Feng and Walsh, 2004; Schaar, 2004) . We have focused on Ndel1 in this study. Phosphorylation of five S/TP sites in Ndel1 by prolinedirected kinases, including Cdk5, is important for its developmental functions (Yan et al., 2003; Hebbar et al., 2008) . It is widely held that, together, Lis1 and Ndel1/NudE are dynein regulators, but the precise mechanisms are still being elucidated.
Most Lis1 and Ndel1 studies have been aimed at understanding their roles in the developing brain. However, fully differentiated neurons have a unique requirement for motors like dynein to carry cargo between synapses and the cell body. Axon transport is critical for neuronal function and survival, and often occurs over long distances. Dynein is the primary motor retrograde transport, while kinesins are anterograde motors (Hirokawa et al., 2010) . Explorations into a potential role for Lis1 and Ndel1 in transport have produced conflicting results. Some studies showed that Lis1 perturbation influenced organelle distribution in a manner typical of dynein disruption Liang et al., 2004; Ding et al., 2009; Bechler et al., 2010; Lam et al., 2010) . Others did not find this (Faulkner et al., 2000; Vallee and Tsai, 2006) . More recently, researchers have microinjected antibodies to acutely inhibit Lis1 and Ndel1. One study suggested that Lis1 was dispensable for retrograde transport and Lis1/Ndel1 regulated anterograde transport of dynein by kinesin (Yamada et al., 2008) . Others found that injection of Ndel1 antibodies inhibited retrograde transport but induced anterograde flux of organelles near the cell body ). The role of Lis1 and Ndel1 in dynein-dependent axon transport in neurons from adult animals has not been studied. Here, we used RNAi and overexpression techniques in adult rat sensory neurons and, in so doing, have uncovered an interesting phosphorylation-dependent regulatory switch involving Lis1, Ndel1, and Cdk5.
Materials and Methods

Preparation of crude brain and liver extracts
Extracts from brain and liver of embryonic day 17 and 4-month-old mice were Dounce-homogenized in RIPA lysis buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 2% protease inhibitor mixture III) at 4°C. Lysates were clarified at 50,000 ϫ g for 30 min at 4°C and were analyzed by Western blotting of 10% SDS-PAGE gels.
Antibodies
Lis1 and Ndel1 rabbit polyclonal antibodies have been extensively characterized Smith et al., 2000; Hebbar et al., 2008) . These specifically and selectively recognize Lis1 and Ndel1. Anti-DIC (74.1 mouse monoclonal), anti-myc (9E10 mouse monoclonal), and anti-HA (rabbit polyclonal, mouse monoclonal) were purchased from Santa Cruz Biotechnology. A mouse anti-␤-actin antibody was from Sigma-Aldrich.
Immunostaining
Neurons were plated onto 12 mm coverslips in 24-well plates. For Lis1, dynein heavy chain (DHC), and HA staining, neurons were fixed in 3% paraformaldehyde followed by permeabilization with 0.1% Triton X-100 for 5 min at room temperature. For DIC and Ndel1 staining, neurons were fixed in 100% ice-cold methanol for 1 min at Ϫ20°C. Nuclei were visualized with Hoechst and coverslips were mounted on glass slides using ProLong Gold Antifade reagent (Invitrogen). Neurons were observed using an inverted microscope (Axiovert 200; Carl Zeiss) equipped with Plan-Neo 100ϫ/1.30 objective and a Plan-Apo 63ϫ/1.40 objective. Digital images were acquired using a charge-coupled camera (AxioCam HRm; Carl Zeiss) linked to AxioVision software (version 4.7; Carl Zeiss).
RNAi and mammalian expression constructs
Complementary hairpin sequences in the pSilencer vector (Ambion) were provided by L. H. Tsai (MIT, Cambridge, MA) and have been well characterized (Shu et al., 2004; Hebbar et al., 2008) as follows: Lis1, GAGTTGTGCTGATGACAAG (1062-1080 bp); DHC, GAAGGTCAT-GAGCCAAGAA (9753-9771 bp); Ndel1, GCAGGTCTCAGTGTTAGA A (276 -294 bp). Scrambled sequences were generated from these sequences and have been shown to have no effect on expression of the relevant proteins. These scrambled sequences were used as controls for each specific small hairpin RNA (shRNA). To generate HA-Lis1, HALis1K147A, and HA-Lis1R212A, full-length murine Lis1 and point mutants of Lis1 ( provided by A. Musacchio, European Institute of Oncology, Milan, Italy) were subcloned into a pCruzHA vector (Santa Cruz Biotechnology). Constructs for expression of myc-tagged Ndel1, Ndel11-5A, Cdk5, p25, and dncdk5 have been described previously (Nikolic et al., 1996; Niethammer et al., 2000; Hebbar et al., 2008) .
Immunoprecipitation
For coimmunoprecipitation (co-IP) with the dynein intermediate chain (DIC) antibody, extracts from Cos-7 cells expressing myc-tagged Ndel1 together with HA-tagged full-length Lis1, HA-Lis1K147A, or HALis1R212A were prepared in 0.1% NP-40 buffer (50 mM HEPES, 250 mM NaCl, 0.1% NP-40). Cell extracts were exposed to the 74.1 mouse monoclonal DIC antibody conjugated to agarose beads (Santa Cruz Biotechnology) for 1 h at 4°C. Precipitated proteins were analyzed by Western blotting of 10% SDS-PAGE gels. For co-IP with HA-tagged proteins, extracts were exposed to an HA polyclonal antibody (Santa Cruz Biotechnology) for 3 h at 4°C. Protein A-Sepharose beads were added to each sample for 3 h at room temperature. After washing beads, precipitated proteins were analyzed by Western blotting of 10% SDS-PAGE gels.
For the Lis1 IP from DRG cultures, cells grown for 12 h in the presence of 10 M roscovitine or vehicle control (DMSO) were lysed in RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.1% SDS, 1.0% NP40, 0.5% sodium deoxycholate). Extracts were incubated overnight at 4°C with a Lis1 rabbit polyclonal antibody, and then for 1 h with protein A-Sepharose. Immunoprecipitates were probed for Lis1 and Ndel1.
DRG culture and transfection
Primary cultures of sensory neurons in lumbar dorsal root ganglia (DRGs) of adult rats were prepared as described by Smith and Skene (1997) with a few minor changes. Briefly, L4 -L6 sensory neurons in 2.5-month-old male Sprague Dawley rats were conditioned for rapid axon elongation by sciatic nerve crush 48 h before harvesting. Following enzymatic and mechanical dissociation, suspended cells were subjected to centrifugation through a 15% sucrose solution to reduce the numbers of smaller glial cells. Neurons were transfected immediately after dissection using the small cell number SCN Basic Nucleofector kit for primary neurons (Amaxa Biosystems; VSPI 1003). Neurons were then plated onto German glass coverslips (Fisher) coated with 10 g/ml poly-Dlysine (Sigma-Aldrich) and 10 g/ml laminin (Millipore). Neurons were used within 3-4 d of culture for transport studies.
Fluorescence time-lapse microscopy
After exposure to 100 nM LysoTracker Red (Invitrogen) for 20 min, coverslips were transferred into fresh medium containing 25 mM HEPES, pH 7.4, and 10 mM Oxyrase (Oxyrase, Inc.), in a water-heated custombuilt microscope stage warmed to 37°C. Relatively straight, EGFPpositive axon segments that were clearly linked to a specific neuronal cell body were selected for analysis. Time-lapse microscopy was performed using Axiovert 200 inverted microscope (Carl Zeiss) equipped with C-Apo 63ϫ/1.2 W/0.2 water-immersion objective. Digital images were acquired every 2.6 s for 4 min (92 frames) using a charge-coupled camera (AxioCam HRm; Carl Zeiss) linked to AxioVision software (version 4.7; Carl Zeiss). For some experiments, results were confirmed using a faster frame rate, so images were acquired every 500 ms for 1 min (120 frames).
Analysis of organelle movement
Two methods were used to analyze motility. (1) First, to determine the proportion of organelles that moved in different directions or remained static, kymographs were generated from time-lapse movies using NIH ImageJ software (version 1.43u) as described by Miller and Sheetz (2006) . By convention, the direction toward the cell body was always to the right, so lines that sloped toward the right at any point with a net displacement of Ͼ5 m were categorized as retrograde organelles. Lines that sloped toward the left Ͼ5 m at any time during the recording interval were considered anterograde organelles. Lines that zigzagged were categorized as bidirectional organelles, and lines that showed Ͻ5 m lateral displacement in any direction during the recording interval were categorized as static. To analyze overall flux, the net change in left/right position of the beginning and end of a line on the kymograph was determined. Overall retrograde flux in micrometers per minute was calculated as the sum of net rightward displacements divided by the time (4 min). Overall anterograde flux used net leftward displacements for the calculation.
(2) To analyze speed and run lengths, retrograde motile events were analyzed using ImageJ software with a manual tracking plug-in that allows retrieval of object coordinates between images frames. Tracking of individual lysosomes was performed manually throughout the timelapse series of images. A single organelle typically exhibited motile events with intermittent pauses. If an organelle did not reach an average speed of 0.1 m/s during three consecutive time-lapse intervals, it was taken as a pause. If the organelle moved again later, it was considered a new motile event. Thus, a single organelle could produce several retrograde motile events. Mean velocities of each retrograde motile event were averaged to obtain an estimate of the velocity for all events in all axons under a specific condition. The percentage of motile events with average velocities Ͼ0.5 m/s was also determined. To estimate average maximum velocities, velocities for each 2.6 s interval were compared, and the single interval with the greatest velocity was considered the peak velocity for that motile event. The mean of these for all events in all axons under a specific condition provides an estimate of mean maximum velocity. Mean run length was determined by finding the average of the total run lengths of each event in a given condition.
Statistics
Rats and mice: numbers/percentage of organelles. Kymograph data for each experiment were generated from at least three separate DRG cultures to reduce errors related to rats themselves or culture conditions. Data from the three rats, consisting of 11-12, 100 m axon segments were obtained for each condition in a particular experiment. Significance of differences from controls was determined for anterograde, retrograde, bidirectional, and static organelles by one-way ANOVA with Dunnett's posttest using GraphPad Prism 5 for Mac OSX. Significant differences in anterograde and retrograde flux were identified in a similar manner.
Rats: kinetics of retrograde motile events. In these studies, velocity and run length data obtained from movies of the same 11-12 axons per condition were analyzed by one-way ANOVA with Dunnett's post test in the following groups: (1) Small organelle RNAi data (DHC, LIs1, Lis1 rescue, Ndel1, Lis1 plus Ndel1, all scramble controls together); (2) large organelle RNAi data (same treatments); (3) small organelle Lis1 overexpression data (EGFP only or EGFP plus HA-Lis1, HA-K147A, or HA-R212A); (4) large organelle Lis1 overexpression data (same treatments); (5) small organelle Ndel1 and Cdk5 data (EGFP only or EGFP plus Ndel1, Ndel11-5A, Cdk5/p25, or dnCdk5); (6) large organelle Ndel1 and Cdk5 data (same treatments). All control data (from neurons expressing scrambled shRNAs or EGFP alone) were pooled for the statistical analysis calculations because the results were very similar across all controls. In treatments for which fewer than three retrograde motile events were observed in all axons segments combined, the exact significance of differences could not be determined by ANOVA, and the difference in the number of moving organelles/motile events becomes the more valuable measure.
Mice: kinetics of retrograde motile events. Student's t tests were used to determine the significance of differences in velocity, average peak velocity, percentage Ͼ0.5 m/s, and run lengths obtained from Lis1 ϩ/ϩ and Lis1 ϩ/Ϫ mice. Small organelles and large organelles were analyzed separately.
Results
Lis1 and Ndel1 expression in the adult mouse nervous system
Lis1 expression is substantial in the adult mouse brain (Fig. 1 A) . In contrast, expression in adult liver is much lower than in embryonic liver. Thus, the adult brain may have a unique requirement for maintaining Lis1 expression. Ndel1 is also present in adult brain, although at somewhat lower levels than in embryonic brain. No detectable Ndel1 is present in adult liver. The intermediate chain of dynein is expressed at high levels in adult brain and is also high in adult liver. This suggests the possibility that, although dynein functions in both tissues, Lis1 and Ndel1 are especially important for some aspect of dynein function in the adult brain.
We also found substantial Lis1 expression in lumbar DRGs, which contain peripheral sensory neurons that innervate the hindlimb. These neurons are one of the few adult neuronal subtypes that survive well in tissue culture. Adult DRG neurons can be primed to extend long axons rapidly in culture by administering a sciatic nerve lesion 48 h before harvesting (Smith and Skene, 1997) . Processes extended by these neurons have axonal characteristics (Letourneau and Shattuck, 1989; De Koninck et al., 1993) , including uniformly oriented microtubules with minus ends toward cell body (Baas et al., 1987) .
Baseline axon transport characteristics of adult DRG neurons in culture
To look at directed organelle transport, we cultured neurons at very low densities. This had the advantage of allowing axons to be imaged in isolation from glial cells and other axons. It was also easy to find fairly straight 100 m segments of axons to use in our studies, and to determine which axons belonged to a specific cell body to assign direction to a moving organelle. Immunofluorescence revealed that Lis1, dynein, and Ndel1 expression was maintained in axons in these sparsely seeded cultures (data not shown). In addition to sparse plating, neurons were transfected with an EGFP expression vector before plating. Only 30 -40% of neurons are transfected, so EGFP-positive axons can be easily traced back to the EGFP-positive neuron. The electroporation settings used did not result in transfection of non-neuronal cells.
The vital dye LysoTracker Red was used to label acidic organelles in living neurons (Fig. 1 B) . Images of axons were obtained every 2.6 s for 4 min, and time-lapse movies were generated (Fig.  1C,D) . Kymographs generated from the movies provide an overview of organelle motility (Fig. 1C, bottom panel) . Each line represents an individual organelle. The line slope, length, and direction provide information about speed, distance, and direction of moving organelles. Organelles exhibited a range of movements, which were placed into one of four categories. Some moved exclusively in the retrograde or anterograde direction. Directed movement might only be maintained for short periods and could be interspersed by pauses. Other organelles moved steadily over the entire recording interval, without a change in speed. Organelles were categorized as bidirectional if they changed direction one or more times during the recording interval. Organelles that showed little or no movement in either direction were categorized as static. Typically, 20 -30 organelles were observed per axon. In total, 291 organelles were analyzed from 12 kymographs (Table 1) . Of these, 111 (38%) moved only in the retrograde direction, 39 (13%) moved only in the anterograde direction, and 56 (19%) were categorized as bidirectional. The remaining 85 organelles (30%) were stationary during the recording interval. The numbers and percentages from individual axons are shown in Figure 1 , E and F. Significantly more organelles moved retrogradely than anterogradely during the recording interval. Mean retrograde flux, which measures net displacement to the right, was 55.5 Ϯ 16.6 m/min and mean anterograde flux (displacement to the left) was approximately eightfold lower (6.73 Ϯ 7.7 m/min) in these control neurons. A single organelle often exhibited "motile events" between pauses of variable lengths. Particle-tracking software was used to analyze speeds and run lengths of retrograde motile events. The average speed was 0.37 Ϯ 0.2 m/s, with ϳ14% having average speeds Ͼ0.5 m/s. The average peak speed was 0.59 Ϯ 0.26 m/s, and the average run length was 5.6 Ϯ 2.9 m.
To determine whether using a shorter frame interval in the time-lapse acquisition would change our estimates for average speed and run length, we performed a similar analysis using 0.5 s frame intervals. The results for average speed were very similar (0.37 Ϯ 1.8 m/s). Approximately 20% exhibited average speeds of Ͼ0.5 m/s, and average run lengths were 3.9 Ϯ 1.8 m. Because the differences were not large, we chose to use the 2.6 s frame rate for the remainder of the studies because this resulted in reduced photobleaching.
Two pools of LysoTracker-labeled organelles have different kinetics
The fluorescently labeled organelles in axons could be separated into two pools based on appearance in movies and kymographs. One pool appeared large (Ͼ0.5-2 m in diameter), and the other, small (Ͻ0.5 m in diameter). This may be truly related to actual organelle size. Alternatively, brighter LysoTracker labeling of a more acidic pool of organelles might cause them to appear larger. For simplicity, they will be referred to as large and small pools. Regardless of the underlying reason for the difference in appearance, the two pools behaved differently. There were substantially more retrograde motile events in the small pool (806) than in the large pool (150). Moreover, the small pool exhibited higher average speeds (0.37 Ϯ 0.21 vs 0.29 Ϯ 0.2 m/s) and average peak speeds (0.56 Ϯ 0.02 vs 0.45 Ϯ 0.03 m/s). Approximately 10% of the small pool, but only 4% of the large pool, reached average speeds of Ͼ0.5 m/s. Finally, mean run length of retrograde motile events was longer for the small pool (5.2 Ϯ 2.7 vs 4.1 Ϯ 0.8 m). Because the two pools exhibited significantly different kinetics, all future speed and run length analyses were performed separately for large and small organelles. These data are collectively shown in Table 2 .
Knockdown of DHC, or combined knockdown of Lis1 and Ndel1, strongly inhibits organelle transport DHC is the motor subunit of the dynein holoenzyme. We used RNAi to reduce the expression of DHC, Lis1, Ndel1, or both Lis1 and Ndel1 in DRG neurons and examined organelle transport as before. The same shRNAs were previously shown to reduce in protein levels in a variety of cell types (Shu et al., 2004; Hebbar et al., 2008) . In our studies, an EGFP vector was cotransfected with the shRNAs to identify transfected neurons. Decreased immunofluorescence intensity indicated that the targeted proteins were substantially reduced by 36 h after transfection ( Fig. 2A-C) . Scrambled shRNA sequences were used as controls. Actin serves as a loading control. Adult liver expresses less Lis1 and Ndel1 than adult nervous tissues. B, DRG neurons labeled with LysoTracker Red. Neurons were imaged at 2 s intervals for 4 min. C, An axon segment indicated by the arrow in B was analyzed for organelle motility. The top panels show selected time-lapse images at every 30 s of the 4 min recording interval. The bottom panel shows a kymograph generated from 120 2 s frames. D, The boxed region of the same axon is enlarged and as four consecutive 2 s intervals. Some organelles moved rapidly during this time frame (arrow). Others did not move (arrowhead). Scale bars: A, 50 m; B, 10 m; C, 5 m. E, The numbers of organelles that moved toward the cell body (Ant), away from the cell body (Retro), bidirectionally (Both), or made negligible moves in either direction (Static) were determined from 12 kymographs like the one in C. The bars show the mean Ϯ 95% CI. F, The percentage of organelles that exhibited each behavior is presented as a box-and-whisker plot with means, minimum and maximum values, and upper and lower quartiles. In E and F, the significance of differences between anterograde and retrograde organelles and between retrograde and static organelles was determined by one-way ANOVA with Dunnett's posttest. ***p Ͻ 0.001, **p Ͻ 0.01, *p Ͻ 0.05.
As expected, the percentage of organelles moving retrogradely in cells with DHC knockdown was reduced relative to controls, and overall retrograde flux was 10-fold lower (Fig. 2 D, E , Table  1 ). Unexpectedly, anterograde flux was also reduced. Lis1 RNAi reduced overall retrograde flux by nearly 50%, but again anterograde flux was also reduced (Fig. 2 F, Table 1 ). The effect of Lis1 RNAi was largely prevented by cotransfection of a Lis1 expression construct that lacks a 3Ј-untranslated region and is not targeted by the shRNA. This demonstrates that Lis1 deficiency was in fact the cause of the transport inhibition (Fig. 2G, Table 1 ). Surprisingly, Ndel1 RNAi did not significantly alter the numbers or direction of moving organelles (Fig. 2H, Table 1 ), but when Ndel1 and Lis1 were targeted simultaneously, organelles transport was almost completely shut down (Fig. 2 I, Table 1 ).
Particle-tracking software was used to estimate changes in kinetic properties of retrograde motile events following RNAi (Table 2) . For small organelles, the number, average speeds, peak speeds, and run lengths of retrograde motile events were significantly reduced by DHC, Lis1, or combined Lis1/Ndel1 knockdown. None of these organelles averaged Ͼ0.5 m/s. Ndel1 RNAi reduced average speeds, but other parameters were not significantly affected. For large organelles, no retrograde motile events were observed following DHC knockdown or combined Lis1/Ndel1 knockdown. Lis1 knockdown alone reduced the number of events, and lowered the maximum velocities attained during these events. Ndel1 knockdown alone did not have a significant impact on large organelles.
Expression of Lis1 stimulates retrograde transport
LIS1 gene duplication has been linked to human brain disease (Bi et al., 2009) , so it seemed plausible that overexpression of Lis1 would disrupt axon transport. HA-tagged, full-length mouse Lis1 was cotransfected with EGFP, and LysoTracker motility studies were performed as before (Fig. 3) . Somewhat surprisingly, Lis1 12 401 11*** 0*** 2*** 388*** 3.3 Ϯ 6.5*** 0*** 0.6 Ϯ 2.1** 96.1 Ϯ 7.1*** 3.1 Ϯ 1.4*** 0.01 Ϯ 0.02*** dnCdK5 11 315 4*** 4*** 6** 301*** 1.9 Ϯ 5.3*** 1.2 Ϯ 2.4*** 2.6 Ϯ 4.1* 94.3 Ϯ 9.0*** 3.3 Ϯ 3.1*** 0. Categories of organelles analyzed in kymographs derived from time-lapse movies. All data were obtained from analysis of 11-12 kymographs per condition. Lysosome movement was classified as retrograde if only movements toward the cell body were observed during the 4 min recording interval, anterograde if only movements away from the cell body were observed, bidirectional if the organelle changed directions at any time, or static if no movement Ͼ0.5 m was observed in any direction. An overall anterograde and retrograde flux was calculated as the sum of net displacements divided by the total time (in minutes) of recording. Statistical significance was determined by one-way ANOVA. ***p Ͻ 0.001, **p Ͻ 0.01, *p Ͻ 0.05. Errors are Ϯ95% CI. If a significant change is in a transport-stimulatory direction, the asterisks are in bold. All data were obtained using manual particle-tracking software. See Materials and Methods for a description of how retrograde motile events were defined and analyzed. Statistical significance was determined by one-way ANOVA. ***p Ͻ 0.001, **p Ͻ 0.01, *p Ͻ 0.05. Errors are Ϯ95% CI. If a significant change is in a transport-stimulatory direction, the asterisks are in bold. If no motile events were observed, the "0" is in bold, and the other parameters are left blank. overexpression significantly increased the percentage of organelles moving in a "retrograde only" fashion ( Fig. 3F-H , Table 1 ). Lis1 overexpression also significantly increased average velocities and run lengths of retrograde motile events for both small and large organelles (Table 2) . For small organelles, the percentage of retrograde motile events that exhibited average velocities of Ͼ0.5 m/s increase to Ͼ60%, and the average peak speed for retrograde runs nearly doubled, as did the overall retrograde flux (Table 1). Individually, the percentages of anterograde, bidirectional, and static organelles were not significantly reduced, suggesting that Lis1 overexpression did not draw from any specific category of organelle, but instead had a general stimulatory effect on retrograde motility.
Table 2. Kinetics of retrograde motile events for acidic organelles moving in DRG axons
Analysis of Ndel1 and dynein binding mutants of Lis1
Both dynein and Ndel1 are predicted to interact with this the ␤-propeller of Lis1 (Tarricone et al., 2004) . Two point mutations, K147A and R212A, were predicted to have a reduced capacity to interact with dynein and Ndel1, and were tested for this study (Fig. 3A) . HA-tagged versions of WT Lis1 as well as the two point mutants were expressed in Cos7 cells to examine interactions by coprecipitation studies. As predicted, HA-K147A was very limited in its capacity to pull down endogenous dynein but was able to pull down Ndel1 (Fig. 3B) . In contrast, HA-R212A did not pull down Ndel1 but was able to pull down dynein. However, HA-R212A pulls down less dynein than HA-WTLis1, indicating that Ndel1 stabilizes the Lis1-dynein interaction. HA-K147A pulls down more myc-Ndel1 than HA-WTLis1, which suggests that the K147A mutant may sequester Ndel1 and prevent it from interacting with dynein. In a complementary set of IPs, a dynein antibody was able to coprecipitate HA-WTLis1 and HA-R212A, but not HA-K147A (Fig. 3C ). HA-R212A may not bind as effectively to dynein because Ndel1 is thought to stabilize the Lis1-dynein interaction. Less myc-Ndel1 was present in the dynein IP from HA-K147A-expressing cells, further supporting the idea that HA-K147A sequesters Ndel1 and prevents it from interacting with dynein. Dynein immunoprecipitates from cells expressing HA-WTLis1, HA-K147A, or HA-R212A were also probed with an antibody to Lis1, which recognizes HA-tagged Lis1 constructs (Fig. 3D , top bands) and endogenous Lis1 (Fig. 3D , bottom bands). The smaller, endogenous Lis1 band was observed in dynein IPs from cells expressing HA-Lis1 or HA-R212A, but not in cells expressing HA-K147A (Fig. 3D ). This indicates that the mutant Lis1 K147A protein can dimerize with endogenous Lis1 and prevent it from binding to dynein.
Dynein and Ndel1 binding are essential for the Lis1 overexpression phenotype
When LysoTracker movies were analyzed, it was clear that, unlike WT Lis1, neither of the mutant constructs increased the number or percentage of retrogradely moving organelles (Fig. 3F-H , Table 1). Moreover, the dynein-binding mutant HA-K147A had a severely disruptive effect on transport, resulting in greater than fivefold reduction in retrograde flux ( Fig. 3F-H , Table 1 ). Anterograde flux was also significantly reduced. Expression of R212A did not impact the percentage of moving organelles nor did it impact direction. However, R212A expression did reduce the speed and run lengths for retrograde motile events associated with small organelles, while the few small organelles that were able to move in axons expressing HA-K147A moved at normal speeds and for normal distances (Table 2) . Larger organelles were significantly impaired by K147A expression, moving on average much more slowly and for shorter distances (Table 2 ).
Ndel1 phosphorylation state impacts axonal transport
The five S/TP Cdk target sites in NDEL1/Ndel1 are shown in the schematic in Figure 4 A. Both Cdk5 and Ndel1 are expressed in cell bodies and axons of adult rat DRG neurons in culture (Fig.  4 B) . Exposure of DRG cultures to roscovitine, a known inhibitor of Cdk5 (Gray et al., 1999; Kim and Ryan, 2010) , reduced the amount of Ndel1 that coprecipitated with Lis1 from DRG culture extracts (Fig. 4C ). To determine whether the five S/TP sites are important in axon transport, we compared the effect of overexpressing Ndel1 and a mutant version of the protein in which all five S/T sites have been converted to alanines. This Ndel1 construct Ndel11-5A is not phosphorylated by Cdk5 in vitro (Hebbar et al., 2008) . The results from kymograph analyses were quite striking. Overexpression of WT Ndel1 had little impact on categories of organelle movements (Table 1 , Fig. 4 D) but did increase the percentage of retrograde motile events with average velocities of Ͼ0.5 m/s (Table 2 ). In contrast, expression of Ndel11-5A essentially shut down axonal transport in both directions (Fig.  4 E, Table 1 ). The very rare motile events were typically slower and shorter when compared with controls (Table 2) . Both large and small organelles were affected. We also analyzed transport in neurons expressing a dominantnegative form of Cdk5 (dnCdk5) or constitutively active Cdk5. dnCdk5 contains an R33T mutation in a putative ATP-binding site and inhibits endogenous kinase activity by sequestering cdk5 activators p35/p25 and p39 (Nikolic et al., 1996) . The impact of expression of dnCkd5 was similar to Ndel11-5A, essentially shutting down transport (Fig. 4G, Table 1 ). Lis1 overexpression could not rescue the shut down of transport caused by either dnCdk5 or Ndel11-5A expression (data not shown). This suggests that the dynein stimulation caused by Lis1 overexpression may depend on the availability of phosphorylated Ndel1.
To express active Cdk5, the kinase was coexpressed with p25, a truncated, deregulated version of the p35 activator (Patrick et al., 1999; Cruz et al., 2006; Kanungo et al., 2009 ). This combination has been shown to phosphorylate Ndel1 but not Ndel11-5A in Cos-7 cells (Nikolic et al., 1996; Niethammer et al., 2000) . For small organelles, Cdk5/p25 increased the average velocity of retrograde motile events (Table 2) . No change was observed in numbers of moving organelles (Fig. 4 F) .
Sensory neurons isolated from adult heterozygous Lis1 knock-out mice display reduced retrograde transport
The mouse model for lissencephaly, PAFAH1b, neo has a deletion in one Lis1 allele (Hirotsune et al., 1998) . This mouse (hereafter referred to as Lis1 ϩ/Ϫ ) displays a brain development delay and is hyperexcitable ( (Fig. 5A) . The N-terminal Lis1 homology domain (LisH) confers homodimerization. Seven WD repeats fold to form a ␤-propeller structure. Two point mutations, K147A and R212A, were designed to disrupt dynein and Ndel1 interactions, respectively. B, When expressed in Cos7 cells, HA-tagged wild-type Lis1 IPs both endogenous dynein (DIC) and myc-tagged Ndel1 (lanes 1 and 4) . HA-tagged K147A pulls down Ndel1 but not dynein (lanes 2 and 5). HA-tagged R212A pulls down dynein but not Ndel1 (lanes 3 and 6) . C, HA-Lis1 and Myc-Ndel1 coprecipitate in a DIC IP (lanes 1 and 4) . HA-K147A is not coprecipitated (lanes 2 and 5). Myc-Ndel1 is also reduced in this DIC IP. R212A is pulled down in the DIC IP (lanes 3 and 6) . D, Transiently expressed HA-Lis1 (WT) and R212A, but not K147A coimmunoprecipitate with endogenous dynein from Cos7 cell extracts. K147A prevented endogenous Lis1 (bottom band) from coprecipitating with dynein. E, HA-tagged Lis1 was coexpressed in DRG neurons with EGFP. HA immunofluorescence (red; WT Lis1) and EGFP (green) are shown in a fixed cell. Scale bar, 10 m. HA-tagged mutant proteins had similar distribution (data not shown). F, Representative kymographs of axons from neurons expressing EGFP alone or in conjunction with the indicated HA-tagged Lis1 proteins. G, H, Analysis of kymographs from 12 axon segments shows that HA-Lis1 expression, but not HA-K147A or HA-R212A, increases retrograde organelle movement. HA-K147A dramatically reduces all motility. Significance of differences between anterograde and retrograde organelles and between retrograde and static organelles was determined by one-way ANOVA with Dunnett's posttest. ***p Ͻ 0.001, **p Ͻ 0.01, *p Ͻ 0.05. In culture, adult mouse DRG axons extended by Lis1 ϩ/Ϫ neurons exhibited reduced Lis1 immunofluorescence (Fig. 5B) . No obvious changes in axon growth or degree of branching were observed in Lis1 ϩ/Ϫ axons compared with controls (data not shown). However, there were significantly fewer organelles moving in the retrograde direction, and significantly more static organelles (Fig.  5C-E) . Overall retrograde flux was 31.9 Ϯ 6.7 m/min, significantly lower than in control axons (43.6 Ϯ 7.0 m/min for Lis1 ϩ/ϩ ; p Ͻ 0.001). Anterograde flux was not significantly reduced (3.0 Ϯ 1.7 vs 3.3 Ϯ 1.8 m/min). m/s decreased from 30.1 Ϯ 9.3% in controls to 4.0 Ϯ 0.5% in Lis1 ϩ/Ϫ axons ( p Ͻ 0.01). For large organelles, 7.1 Ϯ 2.5% of retrograde motile events averaged speeds of Ͼ0.5 m/s. None of the large organelles in Lis1 ϩ/Ϫ axons exhibited retrograde motile events that averaged Ͼ0.5 m/s ( p Ͻ 0.01).
Discussion
Our studies using time-lapse imaging of living, adult DRG neurons provide compelling evidence of a role for Lis1, Ndel1, and Cdk5 in regulating the number of acidic organelles moving within axons, as well as the kinetics of retrograde motile events. Four manipulations severely reduced the number of moving organelles and diminished the speed and run lengths of the few detectable retrograde motile events: (1) DHC RNAi, (2) combined Lis1 and Ndel1 RNAi, (3) expression of the phosphomutant Ndel11-5A, or (4) expression of a dominant-negative Cdk5. The impact of Lis1 RNAi was less profound alone than when it was combined with Ndel1 RNAi, but was still considerable, while Ndel1 RNAi alone had only subtle effects, possibly because of the presence of the Ndel1 homolog, NudE. In contrast to Lis1 knockdown, overexpression of Lis1 stimulated retrograde transport. There was a significant increase in numbers of organelles that exhibited movement, and individual retrograde motile events were on average faster and longer. It is interesting to speculate that faster transport and greater retrograde flux could cause neuronal pathology, especially given the report that overexpressed LIS1 results in neurological disease (Bi et al., 2009) . The finding that two point mutants that reduce dynein or Ndel1 binding are unable to stimulate transport indicates that the overexpressed Lis1 must have the capacity to interact with both the motor and with Ndel1 to exert its effect. The fact that the dynein-binding mutant K147A severely curtailed all transport is probably due to its ability to dimerize with endogenous Lis1 and prevent its interaction with dynein. The Ndel1 binding mutant did not severely inhibit transport, probably because it does not interfere with the endogenous Lis1 binding to dynein. Our findings are consistent with an earlier study in CV1 cells that used deletion mutants of Ndel1 that disrupted Lis1 binding or disrupted both Lis1 and dynein binding (Liang et al., 2004) . In these studies, both mutants displayed defective membrane trafficking.
Because dynein is typically thought of as a retrograde motor, it was expected that only retrograde transport would be affected by manipulations that inhibit dynein, but this was not the case, as anterograde flux, albeit normally much lower than retrograde flux, was generally also reduced. It is clear that manipulations that produced a less profound inhibition of retrograde transport did not reduce anterograde transport. These include ectopic expression of myc-Ndel1, HA-R212A, and p25/Cdk5, as well as Ndel1 RNAi. This argues against a nonspecific reduction of anterograde transport caused by transfection or ectopic expression of proteins. One explanation might be that inhibiting dynein-dependent retrograde transport causes organelle accumulation and axon blockage, which subsequently inhibits anterograde trafficking. However, in our study, the degree of accumulation of acidic organelles seemed relatively modest. Another possibility is that retrograde transport of certain signals or cell components is required to induce or maintain anterograde motility. Finally, it is possible that the dynein regulatory network is directly involved in promoting anterograde transport in an as-yet-undefined fashion. Future studies should help distinguish between these possibilities.
Our studies add to the growing picture of how Lis1 and Ndel1 regulate dynein. Neither protein is absolutely required for motor function in vitro. Purified dynein motors are able to hydrolyze ATP and translocate along microtubules in the absence Lis1 or Ndel1, even when attached to relatively large polystyrene beads (King and Schroer, 2000; Mesngon et al., 2006; McKenney et al., 2010) . This suggests that Lis1 and Ndel1 confer some property to dynein that is critical only within the context of a cell and, in our studies, within an axon. Intriguing hints as to what this property might be have arisen from in vitro studies. For example, we found that purified Lis1 could increase the ATPase activity of bovine brain dynein by ϳ40%, but this seemed to be true for only a subset of motors (Mesngon et al., 2006) . Others reported that the nucleotide state of dynein affected Lis1 binding (Yamada et al., 2008; McKenney et al., 2010) , suggesting a cyclic nature to the interaction. Ndel1 interacts with dynein directly, and palmitoylation of Ndel1 at C273 in the C terminus reduces this interaction and also reduces dynein processivity (Shmueli et al., 2010) . However, a recent study reported a dynein-binding domain in the first 80 aa of Ndel1 (Wang and Zheng, 2011) , and other studies found that the N-terminal coiled coil is a regulated scaffold that recruits Lis1 to dynein (Derewenda et al., 2007; Zylkiewicz et al., 2011) . Thus, both the C terminus and N terminus of Ndel1 are important for interactions with Lis1 and dynein. It seems likely that phosphorylation of the midregion of Ndel1 by Cdk5 may serve to coordinate these interactions to regulate axonal transport dynamics. It will be interesting to determine whether palmitoylation and phosphorylation of Ndel1 cooperate to regulate transport.
Very recently, the Ndel1 homolog, NudE, was shown to increase the stability of Lis1-dynein interactions, and together Lis1 and NudE caused dynein to attain a persistent-force-producing state (McKenney et al., 2010) . The authors speculated that this allowed dynein to move large cargos. Thus, in neurons, Lis1 and Ndel1 together may facilitate cargo transport through the viscous cytoplasm and tight confines of the axon by increasing the force exerted by dynein. If the two pools of organelles we examined do reflect actual size differences, the larger organelles may require more force than the smaller organelles. This might explain why small organelles were typically more likely to exhibit retrograde motility under severe inhibitory conditions.
We know from previous studies that Ndel1 phosphorylation strengthens the interaction between Lis1 and Ndel1 (Hebbar et al., 2008) . Cdk5 is critical for brain development and has been linked to organelle trafficking, so its role in acidic organelle transport is perhaps not surprising, but a role has not been described for axon transport in mature neurons (Smith and Tsai, 2002; Morfini et al., 2004) . Based on our current results with the Ndel1 phosphomutant and dnCdk5, we propose a switch model for regulation of organelle transport by Cdk5 in axons. In this model, Lis1 and unphosphorylated Ndel1 interact weakly with one another and bind to dynein. In its unphosphorylated state, Ndel1 inhibits the capacity of dynein to move cargo. This would explain why expression of Ndel11-5A or dnCdk5 blocked transport. Ndel1 phosphorylation by Cdk5 acts as an "on" switch, changing the Lis1/Ndel1 complex from inhibitory to stimulatory, promoting the potential "high force" state of dynein. Ndel1 dephosphorylation would reset the motor to the "off" state. These events may occur at the beginning or ends of runs, or may occur in a cyclic fashion during runs. Because the Ndel1-binding mutant of Lis1, R212A, is unable to mimic the phenotype of WT Lis1 overexpression, an interaction with Ndel1 appears to be required for the overexpression phenotype. Although there are many possible explanations, it is likely that axons contain sufficient Ndel1 to interact with the overexpressed WT Lis1, allowing Cdk5 to stimulate transport.
Perhaps the most important information gained from our studies is the profound impact that Lis1, Ndel1, and Cdk5 have on axon transport in adult neurons. It seems likely they play similar role throughout the nervous system. This raises the possibility that defects in the Lis1/Ndel1/Cdk5 regulatory system could contribute to adult neurological disorders. Huntington's and Parkinson's diseases have been linked to defective dyneindependent axon transport (Engelender et al., 1997; Li et al., 1998; McGuire et al., 2006; Colin et al., 2008; Zuccato et al., 2010) , as have lower motor neuron diseases like amyotrophic lateral sclerosis (Nguyen et al., 2001; Hafezparast et al., 2003; Puls et al., 2003; Laird et al., 2008; Ström et al., 2008) . These diseases are often characterized by cell body inclusions, axonal swellings, and axon terminal degeneration (Mateo et al., 2009 ). Interestingly, we have observed axonal swellings in cortical neurons expressing a Ndel1 phosphomutant , further supporting the idea that Lis1 and Ndel1 defects could contribute to or cause similar neurodegenerative disorders. The disrupted in schizophrenia 1 (DISC1) protein interacts directly with Ndel1, Lis1, and dynein (Arguello and Gogos, 2006; Bradshaw et al., 2009) . Current models invoke a role for DISC1 in early brain development, but the time of onset of the disease points to late adolescent triggers, and we are intrigued by the possibility of a transport defect in schizophrenia. Finally, because organelle transport was perturbed in adult neurons from Lis1 ϩ/Ϫ mice, it is conceivable that axon transport is defective in lissencephaly patients. If so, and if this contributes to the worsening and often lethal seizures experienced by these children, treatment options may be developed to alleviate the progressive epilepsy associated with this disease.
